The main goal of this work was the synthesis of mesoporous ceria, zirconia and cerium-zirconium oxides, the application of these supports for the preparation of monometallic (copper or gold) and bimetallic (copper and gold) catalysts and characterisation of their performance in the oxidation of glycerol in basic aqueous solution in the presence of oxygen. The methods applied for the study included: adsorption/ desorption of nitrogen, XRD, ICP-OES, XPS, UV-vis, STEM-EDXS, H 2 -TPR. The presence of the following species Au 0 , Au d+ , negatively charged gold Au À or Au 0 in bimetallic particles, Cu + , Cu 2+ , Ce 3+ and Ce 4+ , Zr 4+ was confirmed and their content was found to depend on the catalyst composition. The interaction between gold and copper species in bimetallic samples caused the formation of the negative charge on gold and the increase of the amount of Cu + cations on the catalyst surface. This feature and the higher gold dispersion gave rise to a significant increase in the catalytic activity in glycerol oxidation of bimetallic catalysts with respect to that of monometallic samples. The high selectivity to glyceric acid (GLA) is an important advantage of the bimetallic catalysts (copper-gold), especially those loaded on mixed cerium-zirconium oxides. The bimetallic catalysts were stable and in the second run of the reaction they almost did not change glycerol conversion and increased the selectivity to GLA. The texture parameters of the catalysts had also impact on the selectivity of the reaction: the lower the microporosity the higher the selectivity to GLA. The role of the support is the interaction with copper and gold active species and enhancement of the reagents' chemisorption and electron transfers.
Introduction
Bimetallic catalysts supported on metal oxides receive much interest. Bimetallic catalysts containing gold are attractive in different catalytic oxidation processes, e.g. oxidation of carbon monoxide, 1-7 methanol, [8] [9] [10] [11] and other alcohols. [12] [13] [14] [15] [16] [17] [18] In the case of gold catalysts, metallic gold on the surface of catalysts promotes oxidative properties by leading to higher mobility of oxygen and to a much easier reduction of the copper species. 19 The transfer of electrons is difficult on a metallic gold surface; however, copper has a greater electron-donating ability and it can modify the electronic and structural properties of gold. 20 Catalysts containing gold that is modied with copper can be useful for the simultaneous total oxidation of carbon monoxide and methanol from gases emitted by automotive devices and during industrial processes. 11, 21, 22 The bimetallic copper-gold catalysts promoted with ceria and/or zirconia loaded on mesoporous SBA-15 materials exhibited higher activity in methanol oxidation than analogues monometallic gold or copper catalysts. 11 The chemical composition and structure of the support used for gold-copper play an important role in the activation of bimetallic particles. Recently, it was shown that gold-copper loaded on ceria, zirconia and mixed ceria-zirconia supports have changed electronic state of gold and that the mobility of oxygen from the support plays an important role in methanol oxidation. 23 The activation of the catalysts at higher temperature, which is necessary for oxidation of methanol, strongly affected the surface properties and activity and selectivity in this reaction.
The idea of this work is to apply mesoporous ceria-zirconia mixed oxides with different chemical composition as support for the copper-gold active phase and to investigate the role of chemical composition and structure on the catalytic performance in the liquid phase glycerol oxidation. Ceria-zirconia supports are widely applied in exhaust-gas purication, 24, 25 but they are not oen used for ne chemical catalytic syntheses. The addition of zirconia to pure ceria improves not only the resistance against sintering at a high temperature compared to pure ceria, 25, 26 but it also affects the oxygen storage capacity. 25 This may be very attractive for the interaction with copper-gold phases and for their application in oxidation processes. In contrast to the earlier study, 23 in this work the catalysts are not activated at higher temperature before the catalytic oxidation of glycerol. Glycerol oxidation over gold catalysts on different supports has been studied by many authors over the last 15 years. [27] [28] [29] [30] [31] [32] [33] [34] [35] We analyzed the synergistic effect between copper and gold as well as the inuence of the supports.
Experimental
2.1. Preparation of catalysts 2.1.1. Synthesis of zirconia. Zirconia was synthesized by the hydrothermal method using a surfactant as a structure directing agent. [36] [37] [38] [39] A micellar solution of cetyltrimethylammonium bromide (CTMABr, Sigma-Aldrich) was prepared by dissolving the surfactant at room temperature for 3 h in an aqueous acidic solution (pH ¼ 2 controlled by 35-38% HCl, Chempur). Zirconium n-tetrapropanol (Zr(OC 3 H 7 ) 4 , 70% in 1-propanol, Fluka) was added dropwise to the solution of the surfactant to reach the surfactant/precursor molar ratio of 0.33. The gel obtained aer stirring for 1 h at 313 K was sealed into a polypropylene bottle and heated for 24 h at 353 K. The template was removed by extraction in Soxhlet apparatus at 351 K using ethanol for 30 h. Then, the oxide was dried in a vacuum rotator at 343 K (200-300 mbar) and calcined at 673 K for 4 h with a heating rate of 3 K min À1 . The calcination was used to remove the organic template and other carbonates, which are present aer drying.
2.1.2. Preparation of mixed cerium-zirconium oxides, CeZrO x (molar ratio of Ce : Zr ¼ 1 : 2 and 1 : 1). The mixed oxides to be studied were synthesized according to the literature methods. [36] [37] [38] [39] CeZrO x were prepared using an aqueous acidic solution (pH ¼ 2 controlled by 35-38% HCl, Chempur) of 15 wt% cetyltrimethylammonium bromide (CTMABr, Sigma-Aldrich) by dissolving CTMABr at 313 K under stirring for 3 h. The appropriate amounts (depending on the assumed Ce : Zr ratio) of zirconium n-tetrapropanol (Zr(OC 3 H 7 ) 4 , 70% in npropanol, Fluka) and powder of cerium(III) nitrate (Ce(NO 3 ) 3 -$6H 2 O, Sigma-Aldrich) were added into the above-mentioned solution with a surfactant/precursors molar ratio of 0.33. Aer further stirring for 1 h at 313 K, the mixture was heated at 353 K for 24 h. The template was removed by extraction in a Soxhlet apparatus at 351 K using ethanol for 30 h. Then, the oxide was dried in a vacuum rotator at 343 K (200-300 mbar) and calcined at 673 K for 4 h at the heating rate of 3 K min À1 . The nal materials were obtained aer calcination at 673 K for 4 h at the heating rate of 3 K min À1 . The organic template and other carbonates were removed by the calcination.
2.1.3. Preparation of mixed cerium-zirconium oxide CeZrO x (Ce : Zr ¼ 2 : 1). The syntheses of mixed cerium-zirconium oxide, CeZrO x (Ce : Zr ¼ 2 : 1) was carried out using a solution of organic copolymer -Pluronic P-123 (polyethyl glycol-polypropyl glycol-polyethyl glycol, Sigma-Aldrich) in ethanol (POCh). A portion of 1.2 g of Pluronic P-123 was dissolved in 12 cm 3 of ethanol. P123 was mixed with ethanol at room temperature for 1 h, then powders of metals sources -cerium(III) nitrate (Ce(NO 3 ) 3 $6H 2 O, Sigma-Aldrich) and zirconium oxonitrate(V) (ZrO(NO 3 ) 2 , Sigma-Aldrich), were added to ethanol solution of the template and the mixture was stirred for 1 h. In the sample of CeZrO x (2 : 1), the ratio of ceria : zirconia was 2 : 1. The nal material was obtained by heating the mixture at 673 K for 10 h in air atmosphere (a heating rate of 1 K min À1 ). The supports prepared were labelled as XYO x (A : B) where X ¼ Ce; Y ¼ Zr; A : B ¼ ceria : zirconia nominal molar ratio. Calcination removed the organic template and other carbonates.
The main reason of change in the procedure of oxides preparation was the achievement of a high yield of the synthesis. The usage of CTMABr was effective only in the case of small amount of cerium in the synthesis mixture (i.e. the nominal molar ratio CeO 2 : ZrO 2 ¼ 1 : 1 and 1 : 2). For a higher cerium content the change of the template was necessary. Therefore, for the sample with the nominal molar ratio of CeO 2 : ZrO 2 ¼ 2 : 1 and CeO 2 we used Pluronic P-123 as a template.
2.1.4. Preparation of ceria. The synthesis of pure ceria, CeO 2 was carried out using a solution of organic copolymer -Pluronic P-123 (polyethyl glycol-polypropyl glycol-polyethyl glycol, Sigma-Aldrich) in ethanol (POCh). A portion of 1.2 g of Pluronic P-123 was dissolved in 12 cm 3 of ethanol. P123 was mixed with ethanol at room temperature for 1 h, then powders of metal sourcecerium(III) nitrate (Ce(NO 3 ) 3 $6H 2 O, $99.99%, Sigma-Aldrich) was added to ethanol solution of the template and was stirred for 1 h at room temperature. The nal material was obtained by heating the mixture at 673 K for 10 h in air (a heating rate of 1 K min À1 ).
2.1.5. Modication of mesoporous oxides with gold. The modication of mesoporous oxides with 1.5 wt% of Au species was realised as follows. A portion of 4.500 g of dried material (ceria, zirconia or ceria-zirconia oxides) was modied according to the literature method. [40] [41] [42] Urea was used as precipitation agent to form solid nanoparticles of gold hydroxide obtained by hydrolysis of gold precursor (tetrachloroauric acid (HAuCl 4 -$3H 2 O), Johnson-Matthey). The method of gold deposition using urea and washing with ammonia aqua solution was used according to the procedure described in ref. 40 to obtain small gold particles (below 5 nm). A portion of 137 mg of tetrachloroauric acid was added to 217 cm 3 of distillate water. Then aqua solution of urea (99%, Fluka, 0.16 mol dm À3 ) was added (molar ratio of urea/gold was 100). Finally the support (ceria, zirconia or ceria-zirconia oxides) was included into such obtained solution (pH ¼ 2). The mixture was stirred in a quartz ask for 4 h at 353 K. Then the product was ltered and washed with 100 cm 3 of aqua solution of ammonia (25%, NH 3 $H 2 O, Chempur) and 850 cm 3 of distilled water to obtain pH ¼ 7. The product was dried at room temperature for 24 h and nal material was obtained aer calcination at 623 K for 3 h. Thus, ve gold catalysts: Au/CeO 2 , Au/CeZrO x (2 : 1), Au/CeZrO x (1 : 1), Au/CeZrO x (1 : 2) and Au/ZrO 2 were obtained.
2.1.6. Introduction of copper by incipient wetness impregnation. Copper was introduced by incipient wetness impregnation to get 2.0 wt% of copper. Before impregnation, the support was dried using a vacuum rotator (200-300 mbar) at 343-348 K for 1 h. The source of copper, i.e. 0.146 g of copper(II) nitrate Cu(NO 3 ) 2 $2.5H 2 O (Sigma-Aldrich) was dissolved at room temperature in 2 cm 3 of distilled water and used to ll the oxide pores. The wetted oxide was dried under vacuum at 343 K for 1 h, then at 333 K for 16 h at atmospheric pressure. The materials were calcined in an oven at 623 K for 3 h (a heating rate of 3 K min À1 ). The following catalysts were obtained: Cu/CeO 2 , Cu/ CeZrO x (2 : 1), Cu/CeZrO x (1 : 1), Cu/CeZrO x (1 : 2) and Cu/ZrO 2 .
2.1.7. Modication of gold-containing samples with copper species. To introduce copper into samples by incipient wetness impregnation, portions of 2.000 g of dried Aucontaining catalysts were treated with 2 cm 3 of aqueous solution of Cu(NO 3 ) 2 $2.5H 2 O (0.146 g, Sigma-Aldrich). Before impregnation, the support was dried using a vacuum rotator (200-300 mbar) at 343-348 K for 1 h. The amount of copper nitrate used for the modication was calculated to achieve the loading of copper equal to 2 wt%. The CuAu/CeO 2 , CuAu/ CeZrO x (2 : 1), CuAu/CeZrO x (1 : 1), CuAu/CeZrO x (1 : 2), CuAu/ ZrO 2 materials were dried under vacuum at 343 K for 1 h, then at 333 K for 16 h at atmospheric pressure and then calcined at 623 K for 3 h.
Catalyst characterization
2.2.1. N 2 adsorption and desorption isotherms. The N 2 adsorption/desorption isotherms were obtained using a Quantachrome Instruments autosorb iQ2 at 77 K. The samples were pre-treated in situ under vacuum at 573 K for 4 h.
The nitrogen adsorption isotherms for CeZrO x (1 : 1), Au/ CeZrO x (1 : 1), Cu/CeZrO x (1 : 1) and CuAu/CeZrO x (1 : 1) were obtained using a ASAP 2020 Instruments at 77 K aer pretreated in situ under high vacuum at 573 K for 8 h. The surface area was calculated by the BET method. Mesopores volume and mean pore size were determined from BJH (adsorption branches).
2.2.2. X-ray diffraction (XRD). XRD measurements were carried out on a Bruker AXS D8 Advance diffractometer with Cu K a radiation (l ¼ 0.154 nm), with a step size of 0.5 in the wideangle range . The XRD method was used to estimate the size of gold particles using the Scherrer formula.
2.2.3. Ultra-violet spectroscopy (UV-vis spectroscopy). UVvis spectra were recorded using a Varian-Cary 300 Scan UVvisible spectrophotometer. Powder calcined samples aer drying at 383 K for 13 h were placed in a cell equipped with a quartz window. The spectra were recorded in the range from 800 to 190 nm. Spectralon® was used as the reference material.
2.2.4. STEM-EDXS (scanning-transmission electron microscopy-edge differential X-ray spectroscopy). Metal particles of gold were characterized using scanning transmission electron microscopy (STEM) and estimated using ImageJ™ soware. STEM images were acquired with an aberrationcorrected dedicated STEM microscope HD 2700 CS (Hitachi, acceleration potential of 200 kV) and obtained with a high-angle annular dark-eld (HAADF) detector to produce images with atomic number (Z) contrast. The size distribution and average size of gold particles were estimated from STEM images using ImageJ soware. The precision of particle size determination was ca. AE0.5 nm. Finally, the fractions of gold particles of the same size in all gold particles were calculated to determine the particle size distribution.
2.2.5. H 2 -TPR (temperature programmed reduction by hydrogen). Temperature-programmed reduction (H 2 -TPR) was performed using a CATLAB system connected to a mass spectrometer using a ow of hydrogen as a reducing agent. At the beginning, a calcined catalyst (0.040 g) in the form of powder was packed into the tube quartz reactor and connected to the CATLAB device. Then, the sample was heated in a ow of helium and argon (He/Ar -90/10 vol%, total ow rate of 40 cm 3 min À1 ) for 40 min at 313 K for the stabilization of signals from the mass spectrometer. Aer this time, the mixture of gases was changed into the nal reducing mixture: H 2 /Ar/He (5 vol% H 2 , 10 vol% Ar and 85 vol% He, total ow rate of 40 cm 3 min À1 ). Aer 20 min, the signals of mass ions were stable and the heating started from 313 K to 1173 K at the heating rate of 10 K min À1 . A quadruple mass spectrometer measured the signals of mass ions for m/z ¼ 2.00 (H 2 ), 18.00 (H 2 O), 32.00 (O 2 ) and 36.00 (Ar). The TPR proles presented the correlation between hydrogen consumption and increasing temperature. The TPR prole recorded for the reactor without the catalyst was subtracted from those recorded with the catalysts.
2.2.6. XPS (X-ray photoelectron spectroscopy) study. X-ray photoelectron spectra were recorded on an Ultra High Vacuum (UHV) System. The study was conducted using X-ray Al K a ¼ 1486.6 eV with the following lamp parameters: 14.5 kV, 20 mA. Measurements were carried out in the chamber of the analyser under vacuum of approximately 2.0 Â 10 À8 mbar. The spectra were recorded for the energy range from 1100 eV to 0 eV in increments of 0.5 eV, the energy transition CAE ¼ 100 eV. Different regions were recorded in increments of 0.1 eV, the energy transition CAE ¼ 30 eV and time counts 50 ms. The number of scans in the measured range was tted to the observed signal to noise ratio. The powder sample was put on the conductive tape of carbon (graphite), which was adhered to the carrier surface and placed perpendicular to the axis of the analyser. The X-ray source was set at the angle of 60 to the plane of the surface. The area of the samples analysed corresponded to the size of the aperture of the analyser used (large area), ca. 50 mm 2 . Deconvolution of XP spectra was carried out using the OMNIC 8.0™ soware. Bands intensities were estimated by calculating the integral of each band aer smoothing and baseline correction. Then the deconvolution parameters for the experimental curve, that is the Voigt function, small signal sensitivity and constant base line, were chosen in the OMNIC 8.0™ soware. Atomic ratios were computed from the intensity ratios normalized by the atomic sensitivity factors. An estimated error of AE0.1 eV can be assumed for all measurements.
2.3. Catalytic activityglycerol oxidation in the liquid phase 2.3.1. Reaction conditions. Glycerol oxidation experiments were performed in a 25 cm 3 batch reactor Berghof-25 (Germany) equipped with temperature and pressure controllers. The oxidation reactions were carried out in the presence of oxygen (Linde, 5.0 N) under pressure of 6 atm and 0.0030 mol (0.120 g) of sodium hydroxide, NaOH (Merck, >99.0%, NaOH : glycerol molar ratio ¼ 2 : 1). 15.00 g of distillate water was put into the reactor, then 0.0015 mol (0.138 g) of glycerol (Sigma-Aldrich, >99.0%), a base -NaOH (0.12 g) and 0.030 g of catalyst were added and the autoclave was closed. Oxygen was introduced to the autoclave at the selected pressure and the mixture was heated to 333 or 363 K (a heating rate 2 K min À1 ) and stirring at 400, 800, 1000 or 1200 rpm. The time of reaction was initiated by stirring at the moment when the mixture achieved the selected temperature. The reaction was conducted for 5 h at a selected temperature and stirring speed before analysis of products. The oxygen content was estimated by the electronic sensor of pressure which measured the pressure of oxygen in the real time of the reaction.
2.3.2. Analyses of products. The quantitative analyses of the reaction mixtures were performed using a high performance liquid chromatograph Merck Hitachi HPLC L-7000 series and the products of the reaction were analysed by a VWR Hitachi Chromaster RI Detector. The reactant and the products were separated on an ion exchange Aminex HPX-87H HPLC column heated at 308 K. The eluent was an aqua solution of H 2 SO 4 (0.005 M) and its ow rate was set at 0.6 cm 3 min À1 . The samples were taken at the end of the reaction: 1 cm 3 of the reactant/products solution was diluted in 10 cm 3 of water and 10 ml of such solution was analysed. The conversion of glycerol and selectivity to selected products were calculated by comparing the area of chromatographic peaks recorded for sample solutions with those of substrate respectively products found in calibration curves. Calibration curves aqua solutions (in the range 0.01-0.10 M) using pure chemical reagents: glycerol (Sigma-Aldrich, 99%), lactic acid (Sigma-Aldrich, 90%), tartronic acid (Fluka, 97%), glycolic acid (Sigma-Aldrich, 99%), oxalic acid (Sigma-Aldrich, 99%), glyceraldehyde (Sigma, 90%), formic acid (Sigma-Aldrich, 98%), glyoxylic acid (Sigma-Aldrich, 95%), 1,3-dihydroxyacetone (Sigma-Aldrich, aqua solution 50%), glyceric acid (Sigma-Aldrich, aqua solution 20%) and NaOH (Merck, >99.0%). Four aqua solutions were prepared for each reagent. The concentrations of these solutions were 0.01, 0.02, 0.05 and 0.10 M and pH was 13.3. Then 1 cm 3 of each solution was diluted in 10 cm 3 of water and 10 ml of such solution was analysed using high performance liquid chromatography. The areas of chromatographic peaks were related to the concentrations of reagents by a straight line, using linear regression analysis. The glycerol conversion and the selectivities to the products of glycerol oxidation were described by the equation: y ¼ ax + b, where y was the instrument response, a represented the sensitivity, and b was a constant that described the background. The concentration (x) of reagent in the solution aer reaction was calculated from this equation.
Results and discussion

Structure of the supports
Undoped zirconia has the monoclinic structure, 24 which is a distorted uorite-type or tetragonal structure. Pure ceria is cubic. The structure of mixed ceria-zirconia oxides strongly depends on the composition and the preparation conditions.
With increasing cerium content, the monoclinic structure of mixed oxide solid solution changes to a mixture of monoclinic, tetragonal, pure tetragonal and cubic structures. 24 The type of structure and chemical composition are reected by the stability of the system and the isotropic atomic displacement parameter of oxygen atoms, U(O). This parameter is a good indicator of oxygen diffusivity, which is important in catalytic oxidation reactions. High U(O) values indicate a high static positional disorder and a high dynamic thermal vibration, which enhance the movement of oxide ions across the material. Yashima and Wakita 43 found that Ce 0.5 Zr 0.5 O 2 shows the highest value of U(O) among the materials with different ceria to zirconia ratios. We used three different ceria to zirconia ratios: 2 : 1, 1 : 1 and 1 : 2. The XRD pattern ( Fig. 1 ) of ceria was characteristic of its cubic phase (JCPDS ICDD PDF card -00-043-1002). The pattern of zirconia identied its structure as a mixture of tetragonal (JCPDS ICDD PDF card -00-042-1164) and monoclinic (JCPDS ICDD PDF card -00-007-0343) phases. The XRD patterns of the mixed oxides varied with the chemical composition ( Fig. 1 ). In the samples with a ceria to zirconia ratio of 2 : 1, the ceria and zirconia phases showed independent XRD patterns. The intensity of the zirconia phase was very low, which is in agreement with the low content of zirconia. Increasing the amount of zirconia to a ceria : zirconia ratio of 1 : 2 induced asymmetry in the peaks in the XRD patterns; peaks characteristic of both zirconia and ceria, with a slight domination of those from zirconia, were present. Contrary to pure zirconia, which contains both monoclinic and tetragonal structures, the mixture of ceria-zirconia with molar ratio of 1 : 2 exhibits the presence of only tetragonal zirconia. At equimolar ceria and zirconia ratio, weak reections of ceria were visible. The structure of zirconia with a uniform distribution of cerium ions within this phase can be assumed.
The differences in the phase compositions also affect the textural parameters determined from nitrogen adsorption/ desorption isotherms (Fig. S1, † Table 1 ). The isotherms were of type IV indicating mesoporous materials. Ceria, zirconia, and CeZrO x (1 : 2) contained small amounts of micropores. Because of larger microporosity, the surface area of zirconia is much higher (121 m 2 g À1 ) than that of ceria (25 m 2 g À1 ). The inclusion of a small amount of zirconia into ceria (ceria : zirconia ¼ 2 : 1) decreased the surface area to 16 m 2 g À1 . Further increasing the zirconium content led to a slight increase of the surface area to 103 and 108 m 2 g À1 for CeZrO x (1 : 1) and CeZrO x (1 : 2), respectively. Table 2 shows the composition of the catalysts. The values estimated from ICP-MS analyses were similar to those assumed in the preparation, i.e., the molar ceria : zirconia ratio of ca. 2 : 1, 1 : 1 and 1 : 2. The modication of all mixed oxide supports, especially by gold, decreased the molar ratio of ceria : zirconia. Thus, metal addition led to a partial removal of cerium by the interaction of ceria with tetrachloroauric. Notably, a higher percentage of cerium removal was observed for CeZrO x (1 : 1); about 25% compared to 0-14% for the others.
Chemical composition
The efficiency of copper introduction was higher than that of gold. On all the supports, the copper loading was in the range of 1.4-1.8 wt%, introducing 2.0 wt% during the synthesis. Gold introduction ranged between 0.6 and 1.1 wt%, intending 1.5 wt%. More gold was incorporated on pure ceria than on pure zirconia and for copper, this was the similar. If copper was loaded on the supports already modied with gold species, the total amount of copper introduced onto ceria was greater, suggesting interaction between gold and copper during modi-cation. The difference in gold concentration calculated from ICP and XPS, in which XPS is more surface sensitive, showed that gold was preferably located on the external surface of the oxides ( Table 2 ). The surface concentration of the gold depended on the composition of the supports and was inuenced by the admission of copper. The highest gold surface content was on CeZrO x (1 : 1) in the bimetallic (copper-gold) catalyst (11.4 wt%). The monometallic (gold) catalyst, based on the same support, exhibited a lower content of surface gold species (9.1 wt%). On all other supports, the concentration of surface gold was lower aer copper loading. Loading copper involved the transfer of gold species into the bulk of these supports. In monometallic samples, the surface concentration of gold was higher on ceria than on zirconia. For cerium-zirconium mixed oxides, there was no obvious relationship between the ceria : zirconia ratio and the content of surface gold species. Similarly, copper content on the surface of the supports did not change linearly with the increase of zirconia. Notably, for monometallic copper on pure zirconia and CeZrO x (1 : 1), the concentration of copper on the surface was lower than the total content of copper, indicating partial incorporation of copper into the support. The same phenomenon was observed for some bimetallic samples. This behavior indicates the mobility of the catalyst components and the dependence of the modiers' location on the chemical composition of the support. Such mobility is enhanced by thermal treatments. 23 The gold : copper molar ratio in most bimetallic catalysts is much higher on the surface of the material than in the bulk ( Table 2) . This difference is negligible only for Cu-Au loaded on zirconia suggesting that in this material bimetallic species are distributed more uniformly. The surface and bulk concentrations of cerium and zirconium were estimated on the basis of the ceria : zirconia ratios ( Table  2) . The values of this ratio differed from the assumed ones. The higher ratio from the XPS analysis compared to ICP indicated enrichment of the surface in cerium. It was most clearly seen for CeZrO x (2 : 1) and all bimetallic catalysts.
Texture/structure of catalysts
Modication with copper species did not lead to the appearance of new reections in the XRD patterns ( Fig. 1) . The XRD patterns of ceria-containing with only gold did not exhibit reections from crystalline gold, suggesting the absence of large gold particles. Gold supported together with copper on ceriumzirconium oxides and pure zirconia [CuAu/ZrO 2 ] gave a reection at 2 theta at ca. 38 , which originates from metallic gold. 5, [44] [45] [46] Using the Scherrer equation, the average size of the particles in CuAu/CeZrO x (1 : 1) and CuAu/ZrO 2 was 7.0 nm and 5.2 nm, respectively. Table 1 presents the textural/structural parameters of the materials modied with gold and/or copper and those of pristine supports. The surface areas of these samples ranged from 13 [Au/CeZrO x (2 : 1)] to 123 m 2 g À1 [Cu/ZrO 2 ]. The samples based on zirconia were characterized by the highest surface area and with increasing cerium content, the surface area decreased. The addition of gold and/or copper slightly modied the surface area of the supports. The largest decrease in the surface area as a result of metal loading was observed on CeZrO x (1 : 1) . The removal of cerium from this support during modication with metals may correlate to the decrease in the surface area. STEM-EDXS analysis was used to estimate the relative composition and particle size distribution of supported particles. The bimetallic catalysts CuAu/CeZrO x (1 : 1) and CuAu/ZrO 2 had average sizes of 2.2 nm (and a median particle size of 0.83 nm) and 1.6 nm (with a median particle size of 0.73 nm), respectively (Fig. 2) . These values were smaller than those obtained from the XRD patterns using the Scherrer formula, which is dominated by the larger particles (7.0 and 5.2 nm, respectively). The particle-size distribution was wider on zirconia than on the mixed oxides, but on both support types, it also covered the larger particles observed in XRD patterns. The differences in the size of gold particles measured by STEM-EDXS and XRD methods resulted from the differences in the resolution of both methods (XRD analysis does not indentify small metal particles). Notably, the average size of gold particles in the bimetallic sample CuAu/CeO 2 presented in the PSD diagram (Fig. 2 ) was greater than that noted on CuAu/ZrO 2 and CuAu/CeZrO x (1 : 1) . The comparison of the gold particle size distribution on pure zirconia support for monometallic (Au/ZrO 2 ) and bimetallic (CuAu/ZrO 2 ) systems indicated a decrease in the size of gold particles aer the incorporation of copper. Thus, the incorporation of copper enhanced the dispersion of the particles. An important factor that affects the performance of multifunctional catalysts is the location of their components, which was studied for CuAu/CeZrO x (1 : 1) material by STEM-EDXS analysis. Fig. S2 † shows STEM images and EDX results.
The distribution of cerium and zirconium was almost the same, conrming the formation of the mixed oxides. Gold and copper species are located in the same areas, which indicates that they are in close vicinity to each other.
Individual species of gold and copper respectively ceria and zirconia were difficult to identify in the STEM images, because their contrast is too similar (Fig. S2 †) . To determine the composition of the white particles with diameters in the range of 10-70 nm, EDXS spot analyses were performed. The EDX spectrum of area 1, (Fig. S2 †) , indicated that the main component in the catalysts at this spot is gold. Moreover, a high intensity of gold signals, small intensities of zirconium and copper signals and the lowest intensity of cerium signals revealed that gold, zirconium, and copper were present in the same area. The EDX spectrum of area 2 in Fig. S2 † showed that not all signals were as intense; in particular, the signals assigned to gold were less pronounced. This suggested that the larger white particles in STEM images were clusters of mixed oxides of cerium and zirconium and/or copper oxide clusters, with smaller contributions of gold.
Oxidation state of components
3.4.1. UV-vis spectroscopy. Fig. 3 presents the UV-vis spectra of the catalysts aer drying at 383 K for 13 h. The UVvis spectra of the supports in Fig. 3Aa -Ca showed a band at approximately 225 nm and other broad bands centered at ca. 270-285 nm and 340-350 nm. The lower coordination number of cerium surrounded by oxygen ions requires the higher energy for a charge transfer from oxygen ions to cerium cations. Therefore the rst band was assigned to the charge transfer in crystalline ceria in tetrahedral coordination (O 2À to Ce 4+ ligand to metal charge transfer). The bands at ca. 270-285 nm and 340-350 nm were attributed to the charge transfer from oxygen to cerium cations in hexa-or octacoordinated species or to cerium cations at in lower oxidation states. 47 With increasing zirconium content in the mixed oxides ( Fig. 3Da) , the band at ca. 350 nm became less resolved than the band at ca. 270 nm. This nding suggested that in the mixed oxides, the content of cerium cations at an oxidation state lower than +4 and/or coordination number higher than four decreased. The band at approximately 213 nm (Fig. 3Ea ) is typical of a charge transfer from the O 2À to Zr 4+ ion with tetrahedral conguration in zirconia crystallites. [48] [49] [50] In the spectra of the mixed oxides, the bands attributed to charge transfers in ceria overlapped with those from the charge transfer in zirconia. Aer copper and gold loading on ceria, CeZrO x (2 : 1) and CeZrO x (1 : 2), the UV-vis bands coming from the charge transfer from oxygen to cerium cations were still present in the spectra, but with lower intensities. This nding indicated that both gold and copper interacted with the cerium cations, which could lead to changes in their oxidation states.
The details on the oxidation states of all components are further considered below in the analyses of the XPS data.
The UV-vis spectra of gold-containing samples showed the characteristic ultraviolet-visible band at ca. 525-555 nm, typical of metallic gold. 51 This plasmon resonance band corresponds to metallic gold nanoparticles of about 2-6 nm and are in accordance with the literature data. 40 The well-resolved metallic gold band was observed for the samples loaded with both copper and gold (spectra d in Fig. 3) . The band at ca. 260 nm, which can arise from either the charge-transfer transitions of Au 3+ or Au + ions with ligands or from the absorption caused by the transition of electrons between molecular orbitals of the few-atomic clusters Au n (n < 10), 52 could not be distinguished from the band coming from the charge transfer from oxygen to cerium cations.
The modication of supports with copper species changed the UV-vis spectra (Fig. 3Ac-Ec) , which was visible for zirconia because in its spectrum, the region above 230 nm did not contain UV-vis bands characteristic of pristine zirconia. A new band at ca. 265 nm appeared. According to literature data, [53] [54] [55] bands at 220-260 nm were assigned to the charge-transfer transitions from oxygen in the crystal lattice O 2À to an isolated copper ion, Cu 2+ (O 2À / Cu 2+ ; ligand to metal charge transfer). The changes in the UV-vis spectra of the samples containing cerium resulted from copper loading were less pronounced, because the charge transfer in cerium gave bands in the same region. Fig. 3E showed that aer gold loading, the broadened absorption line covered the whole range between 240 and 640 nm, whereas the copper loaded on zirconia gave rise to two well-distinguished bands at 256 and weak in the region 400-600 nm. For copper species, the rst band was assigned to the charge-transfer transitions from oxygen ions in the crystal lattice of the support to isolated copper ions (O 2À to Cu 2+ ). 54, 55 The second band came from the d-d transition of Cu 2+ ions located in an octahedral environment. 56 This band was also observed (although less intense) in the spectra of Cu/ CeZrO x (1 : 2) and Cu/CeZrO x (1 : 1), whereas in the UV-vis spectra of Cu/CeZrO x (2 : 1) and Cu/CeO 2 , the tail of the spectral line could overlap with the band discussed. This band was also assigned in literature 57 to oligonuclear copper oxygen species: Cu d+ /O dÀ /Cu d+ . In the spectra of bimetallic systems (gold-copper), this band coexisted with the band assigned to dd transitions in metallic gold clusters.
3.4.2. X-ray photoelectron spectroscopy. XPS was used to obtain the oxidation states of the gold, copper, cerium, and zirconium. Table 3 presents the binding energies (BE) of gold, copper, and zirconium (Table 4 ) and their relative distribution. Cerium was present in two oxidation states, +3 and +4, copper in two oxidation states, +1 and +2, and gold in the metallic form, cationic species (+d; d $ 1), and moreover metallic gold species labelled as negatively charged gold Au À or Au 0 in bimetallic particles. The distribution of all these species strongly depended on the chemical composition of the materials. Zirconium was present in one oxidation state, +4, characterized by BE at approximately 182 eV (in the range of 182.1-183.0 eV for the supports and 181.4-183.6 eV for the copper and/or gold modied samples). This indicated the interaction between the elements in mixed oxides and with gold and copper species loaded on the surface of the supports. The highest interaction seems to occur between copper, gold and zirconia as evidenced from the very low BE for the samples based on pure zirconia.
There is a domination of Ce 4+ on the surface of all mixed cerium-zirconium oxides ( Table 4 ). The increase in zirconium content in the mixed oxides slightly increased the amount of Ce 4+ from 78 to 85%. Modication of the supports with gold affected the distribution of cerium species. A signicant increase in the content of cerium in the lower oxidation state (+3) was noted in Au/CeZrO x (1 : 2) (from 15 to 34%), suggesting the reduction of cerium cations during the modication with auric acid and urea. This reduction of Ce 4+ was paralleled by formation of more oxidized gold species (61% of Au d+ ).
The distribution of cerium cations on the surface of the supports was also inuenced by modication with copper and both copper and gold species. It is difficult to note a simple relationship between the oxidation state of cerium and the chemical composition of the catalysts. However, there is no doubt that copper and gold loading inuence the oxidation state of cerium. The reducing environment of the vacuum may contributed in degree of cerium(IV) reduction.
Gold loaded on ceria, zirconia and cerium-zirconium mixed oxides was characterized in the XP spectra by the two spin-orbit components Au 4f 7/2 and Au 4f 5/2 , separated and composed of two doublets attributed to different gold species (examples in Fig. S3 †) , corresponding to Au 0 and Au d+ species (Table 3) . [58] [59] [60] [61] [62] [63] It is difficult to distinguish different oxidation states in cationic (1 : 1) - 7 eV) . These energies are lower than typical of bulk metallic gold (84.0 eV). 64 The lowering of BE can be caused by a decrease in the size of gold particles, as noted in ref.
62.
All monometallic (gold) catalysts presented the domination of metallic gold. The distribution of metallic and cationic gold species was determined by the chemical composition of the supports. The higher amount of metallic gold was noted on pure zirconia and ceria (Table 4 ). More cationic gold species (Au d+ ) were formed on mixed ceria-zirconia supports. Generally, the Au d+ species were present mainly on the surface of monometallic (Au/support) samples. In bimetallic (Cu-Au/support) materials, cationic gold was observed only on pure ceria but in a very small quantities. The introduction of copper not only decreased or removed cationic gold species, it also increased the amount of metallic gold on pure ceria and zirconia and on mixed ceria-zirconia supports, the latter with enhanced shielding of the core hole. This nding indicates that the existence of reducible copper species in copper-gold catalysts is responsible for enhanced core-hole shielding. 12 The species characterized by BE below 83 eV were interpreted by some authors as negatively charged gold on different supports, e.g. ref. 46 , 52 and 58. The XP spectra of bimetallic samples in the Au 4f range were characterized by two doublets (with the exception of CuAu/ZrO 2 ), which origin depends on the nature of the supports. In the case of copper-gold loaded on ceria, the species characterized by BE 4f 7/2 of 83.6 and 85.4 eV were attributed to Au 0 and Au d+ , respectively.
The XP spectra of bimetallic samples in the Au 4f range were characterized by two doublets (with the exception of CuAu/ ZrO 2 ), which origin depends on the nature of the supports. In the case of copper-gold loaded on ceria, the species characterized by BE 4f 7/2 of 83.6 and 85.4 eV were attributed to Au 0 and Au d+ , respectively.
On the mixed cerium-zirconium oxides, besides pure metallic gold (BE in the range of 83.6-84.7 eV) a Au 4f 7/2 peak at lower BE (the range of $82-83 eV) was observed. CuAu/ZrO 2 contained only metallic gold species (the peak at 83.4 eV).
The XPS bands covering the range of 83-85 eV is consistent with a Au 0 oxidation state. 62, 63 The lower binding energy observed for Au 0 4f 7/2 in the copper-gold catalysts than in monometallic gold catalysts can be attributed to the smaller particle size. 63 The lower coordination of gold atoms causes this band to shi, 65, 66 in agreement with the STEM-EDXS results (Fig. S2 †) . As concerns the appearance of XP bands in the range of $82-83 eV they should be attributed to the changes in electronic structure of the system and core-hole shielding.
The BE of Cu 2p peaks were assigned based on the literature, 67, 68 to Cu + (in the range of 932.0-933.0 eV) and Cu 2+ (934.1-935.5 eV). All samples containing copper (monometallic and bimetallic), except for Cu/CeZrO x (1 : 2) and CuAu/CeZrO x (1 : 2), exhibited the domination of surface Cu + cations. Notably, the Cu + content increased in the presence of gold species (except for CuAu/CeZrO x (1 : 2) ). The lower amount of surface Cu + in CuAu/ CeZrO x (1 : 2) compared to monometallic copper catalyst was accompanied by the growth of gold peaks with BE between 82 and 83 eV indicative of direct interaction between gold and copper.
Temperature-programmed reduction by hydrogen (H 2 -TPR)
All components of the catalysts can be reduced by hydrogen. An analysis of gold and copper reduction was made in the temperature range between 373 and 723 K (Fig. 4 ). In this temperature range the peaks coming from the reduction of cationic gold respectively cationic copper in the 400 to 480 K range are well distinguished. The reduction of cationic gold and copper in bimetallic samples could not be strictly distinguished because the range of the reduction temperatures for both metals is similar and the two metals may affect each other's reduction behavior. Fig. 4A -E shows the TPR proles of monometallic gold, copper and bimetallic copper-gold systems loaded on different supports. For simplicity, only the most intense peak, from the reduction of cationic gold and/or copper in the range at ca. 400-480 K, is considered. The position of this peak was almost independent of the composition of modiers (only copper, only gold or both copper and gold) on ceria (Fig. 4A) or zirconia (Fig. 4E) . For mixed cerium-zirconium oxide supports, the reduction temperatures of cationic gold and copper species were determined by the composition of the supports. With increasing zirconium content in the support, the reduction temperatures of copper and gold species were more separated, and generally, they decreased with the increasing content of zirconia in the mixed oxides used. The lowest reduction temperatures were characteristic of metals loaded on CeZrO x (1 : 2) ( Fig. 4F) .
This phenomenon indicated a stronger interaction of cationic gold and copper with mixed cerium-zirconium oxides, particularly if the zirconium content was higher. The promoting effect of zirconium was shown in the literature. 69, 70 Notably, the loading of both copper and gold on the mixed oxides caused a signicant decrease in the reduction temperature, particularly evident for CeZrO x (1 : 2) (a decrease to 398 K). Such a high decrease in the reduction temperature must be inuenced not only by the interaction of modiers with mixed ceria-zirconium oxides but also by the interaction between gold and copper. In the catalysts modied with copper, Cu 2+ loaded on oxides of transition metals (ceria, zirconia or mixed cerium-zirconium oxides) was reduced to metallic copper Cu 0 below 473 K (in the case of smaller particles of copper(II) oxide) and at approximately 523 K (in the case of larger particles of copper(II) oxide). 71 The peaks around 450-475 K can be ascribed mainly to the reduction of copper(II) oxide particles having little or no interaction with the support. This assignment is in agreement with literature data. 72, 73 The temperatures of bulk copper(II) oxide reduction were reported between 473 and 573 K. 70, 74 According to the literature 75-82 the reducibility of copper(II) oxide loaded on ceria is promoted in the presence of hydrogen. Two reduction peaks in the region described above has been reported by several authors. 75, 77, 78, 82 These peaks were attributed to the reduction of copper(II) oxide clusters. The rst peak, at a lower temperature, was assigned to nanoclusters strongly interacting with ceria. The second peak, at a higher temperature, was attributed to copper(II) oxide species which were more like bulk oxide, less experiencing with ceria. The different interaction can be explained by the different particle size, the smaller the particle diameter, the higher the extent of interaction and therefore the easier reducibility. 81 It is noteworthy that TPR proles of CuAu/CeO 2 and ceria samples (Fig. 4A) show a reduction peak at around 573 K. This indicates that in the case of mesoporous ceria, pure ceria particles can be reduced at around 573 K. In the case of Ce-Zr oxides and pure zirconia, this peak is observed in the samples modied with copper and gold (except CuAu/CeZrO x (1 : 2), Fig. 4D ). It is not observed on the TPR proles of supports (oxides) (Fig. 4B, C and E) . The synergistic interaction between cerium (in the mixed oxides), zirconium (in the case of pure zirconia as support), gold (as Au d+ ) and copper (as Cu 2+ ) species leads to lower a reduction temperature of copper. 83 Hydrogen consumption above 573 K results from reduction of bulk copper(II) oxide. The temperatures of maximum hydrogen consumption observed in Fig. 4 were signicantly lower than that of bulk copper(II) oxide. If small copper(II) oxide particles were loaded on ceria, 76, [79] [80] [81] this support could promote their reduction below 573 K. The reduction of copper oxide clusters, strongly interacting with ceria, occurred in the range 398-448 K, and larger copper(II) oxide particles, non-associated with ceria, were reduced at approximately 473 K. 78 Copper(II) oxide-ceria catalysts revealed two maxima of hydrogen consumption: in the range of 423-441 K, assigned to small copper(II) oxide crystallites in contact with ceria, and in the range of 453-498 K, attributed to larger copper(II) oxide particles not in close contact with ceria. 76, 77 A comparison of temperatures of maximum hydrogen consumption over coppergold and copper catalysts led to a conclusion that in bimetallic copper-gold samples based on the mixed cerium-zirconium oxides, copper or gold were reduced at lower temperatures than over the analogous monometallic catalysts. This nding conrmed the interaction between copper and gold.
Catalytic activityglycerol oxidation in the liquid phase
The challenge in the development of efficient oxidation catalysts is to obtain high activity, selectivity, and stability. Activity and selectivity of gold catalysts in glycerol oxidation are inuenced by the nature of the support, which determines the species formed on the surface 30, 84, 85 and the presence of other catalytically active components (e.g. palladium-gold, platinumgold). 13, 86 Catalytic glycerol oxidation was performed by stirring at different rates to nd the conditions in which diffusion had the least inuence on the catalytic reaction (Tables S1 and S2 †). The conversion of glycerol increased up to 1000 rpm. Therefore, further experiments were carried out using this stirring speed. Table 5 shows the results of the catalytic oxidation of glycerol at 333 K in a basic aqueous solution under pure oxygen for monometallic and bimetallic catalysts. Copper-gold catalysts were denitely more active than monometallic catalysts under the same reaction conditions. The monometallic catalysts yielded primarily gaseous products. Changes in the copper and gold dispersion and electronic states, relative to those in monometallic ones, play a crucial role in increasing the catalyst activity and selectivity to glyceric acid. 87, 88 Increase of glycerol conversion with increase of gold dispersion and decrease in selectivity to glyceric acid for small mean gold particle size (e.g. 2.7 nm in ref. 88) were observed. Here, the dispersion of gold and glycerol conversion were higher for bimetallic (gold- copper) catalysts than for monometallic ones. However, contrary to the ndings described in literature 87, 88 for gold catalysts, bimetallic catalysts in this work presented the higher selectivity to glyceric acid despite the small mean gold particle size (<2.7 nm). All copper-gold catalysts were selective primarily towards glyceric acid. Low selectivities to other oxidation products, such as lactic, oxalic, tartronic, glycolic, and formic acids were observed. The oxidation of glycerol to glyceric acid under basic conditions on copper-gold catalysts proceeds via the initial formation of glyceraldehyde, which is rapidly oxidized to glyceric acid. 14 Tartronic, C2, and C1 acids indicate over-oxidation or transformation of glyceric acid. In the bimetallic system, gold and copper were in close proximity, therefore, the interaction between them made the interaction with reagents more effective. The activity and selectivity of copper-gold catalysts were also inuenced by the chemical composition of the supports. The highest selectivity to glyceric acid was observed for CuAu/CeZrO x (1 : 1). In this catalyst, the microporosity was negligible, and therefore, the diffusion of the primary product, glyceric acid, was easy, preventing capturing the intermediates and preventing over-oxidation.
Among bimetallic catalysts TOF was the highest on CuAu/ ZrO 2 than on the rest of bimetallic catalysts ( Table 5 ). This catalyst had the smallest gold particles (average size 1.6 nm), exclusively metallic gold species and a domination of Cu + cations. Thus, such metallic species will be considered in the drawing of the reaction pathway at the end of this section. The best gold catalysts based on carbon or different metal oxides described in the literature as catalysts attractive for glycerol oxidation exhibited similar or lower TOF than CuAu/ZrO 2 . Table S3 † collects the best TOF data from the literature 28, 62, 89, 90 in which the conditions of glycerol oxidation were similar to those applied in this work. The bimetallic catalysts achieved higher TOFs than monometallic gold catalysts (Table 5) , explained by the crucial role of the interaction between gold and copper in the activation of glycerol adsorption and then its oxidation.
3.6.1. Effect of the reaction temperature. To obtain further information on the performance of the catalysts, oxidation experiments were conducted at different temperatures. The increase in the glycerol conversion was signicant for all copper-gold catalysts when the reaction temperature increased from 333 to 363 K. At both reaction temperatures glyceric acid was the main product. The increase in the reaction temperature led to higher yields of lactic acid, as a result of the dehydration of glyceric acid molecules (Table S4 †) . At 333 K, glyceric acid transformed to formic acid and glycolic acid (Scheme 1).
At 363 K, the monometallic gold catalysts showed high glycerol conversion on Au/CeO 2 , but much lower on Au/ZrO 2 , yielding selectivity to glyceric acid and lactic acid and to a relatively small amount of formic acid (Table S1 †). On copper catalysts (Table S2 †), in addition to glyceric acid, glycolic and formic acids were formed in high yields at 363 K. This behavior indicated that copper species were responsible for the dehydration of the primary product, glyceric acid, whereas in the presence of gold-active centers, glyceric acid was formed and transformed to lactic acid at a higher temperature.
3.6.2. Changes in activity and selectivity and catalytic stability. A comparison of glycerol conversion (Fig. 5 ) and the changes in oxygen consumption during the reaction of glycerol oxidation (Fig. S4 †) showed that CuAu/CeZrO x (1 : 2) exhibited the highest conversion in glycerol oxidation at 333 K aer 5 h, at 1000 rpm. Over this catalyst, the oxygen consumption in the reaction was the smallest. Aer 150 min of the reaction over cerium-zirconium oxides modied with copper and gold, the oxygen consumption was smaller than over CuAu/CeO 2 and CuAu/ZrO 2 .
Between 30 and 300 min reaction, the molar ratio oxygen-: glycerol was always higher than 3.5 for all copper-gold catalysts, but this parameter changed linearly from 7 aer 30 min to 21 aer 300 min (Fig. S4 †) . At the beginning, the molar ratio oxygen : glycerol increased over all bimetallic catalysts, but aer 180 min, for CuAu/CeO 2 and CuAu/CeZrO x (2 : 1), this value decreased from 6 to 4 and from 16 to 14, respectively.
The reaction proles ( Fig. 5 ) indicated that aer 2 h of the reaction, ca. 60-80% of glycerol was converted; then, the conversion leveled off. The high selectivity to glyceric acid in the initial stages of the reaction indicated that it was formed in the rst step of the reaction. Formic and glycolic acid were also detected, but the selectivity to these compounds increased slowly during the reaction and decreased when the concentration of carbon dioxide increased.
The most active bimetallic catalysts were stable and glycerol conversion in the second cycle of the reaction was not considerably changed. It is characteristic that at constant activity, the selectivity to glyceric acid increased in the second reaction cycle performed over bimetallic catalysts based on zirconia and cerium-zirconium mixed oxides rich in zirconium. This phenomenon suggested changes in the catalyst surface during reaction.
The possibility of reusing catalysts without the loss of activity is very important. Fig. 6 shows the results of the experiments in which the catalysts were reused in the reaction at 333 K and a stirring speed of 1000 rpm. The catalyst used in the rst reaction cycle was recovered by decantation of the solvent aer the reaction and was reused without any washing or drying.
The increase in glyceric acid selectivity in the second cycle was highly desirable. The highest glycerol conversion was achieved by CuAu/CeZrO x (1 : 2) in the rst cycle (87%), whereas the highest selectivity to glyceric acid was reached on CuAu/ ZrO 2 in the second cycle (83%). Notably, CuAu/CeZrO x (1 : 2) material contained the lowest content of Cu + species and the highest amount of bimetallic particles. The increase of GLA selectivity was considered in the context of metal leaching during the rst reaction. Table S5 † shows the amount of copper and gold in the catalysts aer the second reaction. It is clear that zirconium strongly hold copper species and therefore leaching of copper did not occur for CuAu/CeZrO x (1 : 2). In contrast, for this sample gold was partially leached. This behaviour led to the increase of Cu : Au molar ratio which caused the increase of selectivity to GLA. On the basis of the results obtained within this work the reaction pathway of the glycerol oxidation to glyceric acid performed on bimetallic (Cu-Au) catalysts based on metal oxides used in this work was proposed (Scheme 2). Only the initial stages of the reaction are documented in the results obtained within this work. The following steps are hypothetic. On the basis of the highest TOF obtained on CuAu/ ZrO 2 which contained only metallic gold and almost exclusively Cu + cations, Au 0 particles and Cu + are proposed as active centres at the beginning of the reaction.
In the proposed reaction cycle the different surface gold and copper species are involved. Moreover, the role of the hydroxyl groups from the reaction medium are pointed out.
Hydroxide anions from sodium hydroxide initiate the dehydrogenation via H-abstraction of one of the primary OH groups of glycerol according to the literature data. 33 This is enhanced by the interaction of negative charge on gold formed by an electron transfer from Cu + species. The following electron transfers from the aldehyde ion to Au 0 and from gold containing negative charge to Cu 2+ result in the rebuilding the primary metal species on the surface. In the next step oxygen is dissociatively chemisorbed on metallic gold particle, hydrogen from aldehyde group is abstracted by hydroxyls from the reaction medium and glyceric acid ion is formed. Scheme 2 indicates the crucial role of the electron transfer between the following pairs of copper and gold species: (i) Cu + and Au 0 or (ii) Cu 2+ and Au À . The catalysts exhibiting the highest TOF values, i.e. CuAu/ZrO 2 (TOF ¼ 1236 h À1 ) and CuAu/CeZrO x (1 : 2) (TOF ¼ 901 h À1 ), contain the highest amount of Cu + (86%) -Au 0 (100%) and Cu 2+ (66%) -Au À (67%), respectively. In the other bimetallic catalysts the dominant species of copper and gold are Cu + and Au 0 ( Table  4 ) between which the electron transfer does not occur. Such catalysts reveal lower TOF values.
Conclusions
All catalysts obtained within this work were mesoporous oxides containing also micropores and the microporosity increases with increasing zirconium content in the supports. It was evidenced the presence of gold species in the metallic form Au 0 , cationic Au d+ and negatively charged gold, the latter only in bimetallic copper-gold, catalysts. Moreover, the presence of cationic copper species, Cu + and Cu 2+ were evidenced. The interaction between all the components of the catalysts was evidenced and its role in the initial step of the catalytic oxidation of glycerol was discussed. Bimetallic gold-copper catalysts were signicantly more active in glycerol oxidation than the respective monometallic samples and they were highly selective to glyceric acid. High gold dispersion in bimetallic catalysts was supposed to be responsible for high glycerol conversion but negative charge on gold seemed to enhance the activity. Cu + species played an important role in the achievement of high selectivity to glyceric acid. The bimetallic catalysts were chemically stable. They were proved to be active in reuse and to show higher selectivity to glyceric acid than in the rst run.
On the basis of the characterization of the catalysts and the results of glycerol oxidation, one can postulate that metallic gold was the active phase in the oxidation of glycerol, whereas copper species drive the selectivity of the reaction. The presence of copper also increased the rate of the rst reaction step, i.e. the H-abstraction from glycerol molecules. Moreover, gold interacted with copper located in vicinity by electron transfer from Cu + to metallic gold or from Au À to Cu 2+ . The electron transfer between the aforementioned metal species is crucial in the reaction steps of glycerol oxidation (Scheme 2). Therefore, for high reaction rate the high content of above indicated pairs of metal species (Cu + -Au 0 and Cu 2+ -Au À ) is required. The interaction of gold and copper species with the supports also inuenced the types of metallic species formed and therefore the chemical composition of the supports played an important role in the catalytic activity and selectivity.
